Caffeine (1,3,7-trimethyl xanthine) and theanine (γ-glutamyl-L-ethylamide) are the major nitrogen-containing secondary metabolites in tea leaves. The aim of the present study was to elucidate the relative concentration and amounts of these compounds and the de novo biosynthetic activity in different parts of tea seedlings grown for 27-, 106-and 205 days. The results indicated that caffeine and its biosynthetic activity occur only in leaves and stems, while theanine is distributed in all organs, including roots. The concentration of caffeine and theanine in leaves ranged from 0.3-1.1 mg N/g and 0.1-0.5 mg N/g fresh weight, respectively. A higher concentration of theanine was found in roots (0.5-1.1 mg N). The total amounts of theanine expressed as g N/seedling were 1.1-1.5 times higher than that of caffeine. The high biosynthetic activity of caffeine from NH 4 + was found in young leaves during the first 106 days after germination. Theanine biosynthetic activity probably occurs in roots, since higher 15 N atom% excess was observed in roots during the first 27 days. Theanine may be synthesized mainly in roots and translocated to leaves. The de novo biosynthesis of caffeine and theanine in tea seedlings and their accumulation and translocation are discussed.
Caffeine (1,3,7-trimethyl xanthine) and theanine (γ-glutamyl-Lethylamide) are the most abundant free nitrogenous compounds in tea (Camellia sinensis) leaves [1, 2] . It has been shown that caffeine is synthesised from xanthosine derived from purine nucleotides [3] . Plants synthesize purine nucleotides by the de novo and salvage pathways. In the de novo route, purine nucleotides are synthesized from small molecules, such as glycine, glutamine and aspartate, 5-phosphoribosyl-1-pyrophosphate (PRPP), 10-formyl tetrahydrofolate and CO 2 . Ito and Ashihara [4] demonstrated that [ 15 N]glycine and [ 14 C]5-aminoimidazole-4-carboxamide ribonucleoside, precursors of the de novo purine biosynthesis, were incorporated into caffeine, and it has been suggested that caffeine is produced from newly produced inosine-5ʹ-monophosphate (IMP) by the de novo pathway for purine nucleotide biosynthesis in young tea leaves in which a very rapid net accumulation of purine alkaloids is observed. Other caffeine biosynthetic pathways initiated from preformed AMP and GMP are also operative in tea plants [1, [5] [6] [7] [8] .
In contrast, theanine is produced from glutamic acid and ethylamine [2, 3] . It has been reported that 15 NH 4 + and 15 NO 3 are incorporated into theanine in tea seedlings [9] . However, the relative contribution of inorganic nitrogen taken up by the roots to the biosynthesis of caffeine and theanine has not yet been investigated. In the present study, we examined the occurrence and biosynthesis of caffeine and theanine in different organs of tea seedlings using elemental analyser combustion isotope ratio mass spectrometry (EAIRMS). The de novo biosynthetic activities of caffeine and theanine from inorganic nitrogen were estimated from the incorporation of 15 N from 15 NH 4 NO 3 into caffeine and theanine.
Tea seeds which had been germinated in June were moved to vermiculite and maintained with half-strength Murashige-Skoog (MS) salt medium [10] for 205 days under natural conditions. To estimate the content of caffeine and theanine in different growth stages, leaves, stems and roots of 27-, 106-and 205-day-old seedlings were used. For leaves, we separated four different stages of leaves which were attached to the upper (#1) and to the bottom (#4) positions of the stem; this represents the order of leaf age; youngest (#1) to oldest (#4). In 27-day-old seedlings, young leaves and stems were combined and shown as Leaf #1. In 106-day-old seedlings, Leaf #1, #2, #3 and #4 consist of two leaves (~100 mg FW/leaf), two leaves (~200 mg/leaf), a leaf (~380 mg/leaf) and the mixture of older leaves, respectively. In 205-day-old seedlings, Leaf #1, #2, #3 and #4 consist of a leaf (~220 mg), a leaf (~380 mg), a leaf (~410 mg) and mixture of older leaves, respectively.
As the present research focuses on nitrogen metabolism, concentrations and amounts of caffeine and theanine are expressed as g N/g FW and g N/organ, respectively. Caffeine contains 4 nitrogen atoms and theanine 2 atoms of nitrogen per mole. Concentration of caffeine and theanine in leaves, stems and roots is shown in Table 1 . Caffeine was detected in leaves and stems, but not in roots, while theanine was found in all parts of tea seedlings, as reported in previous papers [11, 12] . In 27-day-old seedlings, concentration of caffeine in leaves was ~3 fold higher than that of theanine. The concentration of theanine in roots was ~6 times higher than in leaves. In leaves of 106-day-old seedlings, the concentrations of caffeine (330-1,120 μg N/g FW) were always higher than those of theanine (140-480 μg N/g FW). The concentration of caffeine increased gradually with growth of leaves up to Leaf #3, while that of theanine was higher in mature leaves (Leaf #3 and #4) than in young leaves (Leaf #1 and #2). In the stems, the concentration of caffeine was low, but theanine concentration was slightly higher than that observed in young leaves. A substantial concentration of theanine was detected in roots. Concentrations of caffeine and theanine were generally lower in 205-day-old seedlings than those in 106-day-old seedlings. The caffeine concentration in all leaves was similar and varied between 370 and 430 μg N/g FW. In contrast, theanine concentration was highest in the youngest leaf and gradually decreased with the age of leaves. The level of theanine in stems of 106-day-and 205-day-old seedlings was almost the same. The highest theanine concentration was found in roots.
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In order to compare distribution of caffeine and theanine in different organs, the contents are expressed as g N per organ ( Figure 1 ). Caffeine was accumulated in only upper-ground parts, namely in leaves and stems, but theanine was distributed in leaves, stems and roots. A relatively large amount of theanine (59-72%) was found in roots and lesser amount was found in leaves (26-30%) and stems (6-14%). The rapid accumulation of caffeine is found in leaves of 106-day-old seedlings ( Figure 1B ). The caffeine content increased with the development of leaves and accumulated in mature leaves in 106-day-old seedlings. In contrast, accumulation of theanine occurs mainly in roots and stems. The total amounts of theanine-N were always slightly higher than those of caffeine-N; theanine comprised 52-60% of the sum of the contents of these two nitrogenous compounds. The theanine/caffeine ratios were respectively 1.1, 1.4 and 1.5 in 27-, 106-and 205-day-old seedlings.
To investigate the biosynthetic activity of caffeine and theanine from inorganic nitrogen, incorporation of 15 N into caffeine and theanine was examined. We first compared the growth and 15 N atom% abundance of leaves and roots of tea seedlings which were grown in half-strength MS salt medium (control), the medium including 20 mM NH 4 NO 3 , 20 mM 15 NH 4 NO 3 or 20 mM NH 4 15 NO 3 for 27 days ( Table 2 ) . The growth of seedlings was not greatly influenced by the use of culture media; the average fresh weight and SD of all samples was 587±73 mg/seedling. The data show natural 15 N atom% abundance in tea seedlings was 0.3664-0.3698 (Table  2) . When the atom% excess values were compared, the values of caffeine, theanine and protein (0.13-0.61) in 15 NH 4 NO 3 -fed seedlings were always higher than those (0.02-0.05) in NH 4 14 NO 3fed seedlings. The data clearly indicated that NH 4 + is a better precursor for the biosynthesis of organic nitrogen compounds than NO 3 in tea seedlings as reported in previous papers [2, 9] . Therefore, we used 15 NH 4 NO 3 as an inorganic nitrogen precursor of caffeine and theanine biosynthesis. It has been shown that uptake of NH 4 + by tea roots was much higher than that of NO 3 - [13] .
The incorporation of 15 N into caffeine from 15 NH 4 + that is taken up from roots is shown in Figure 2A . The 15 N atom% excess values increased markedly during the first 106 days. The values of caffeine in younger leaves (Leaf #1 and #2) were higher than in older leaves (Leaf #3 and #4). This is probably due to the fact that caffeine synthesis occurs in young leaves, which accumulate the purine alkaloid [11] . Caffeine biosynthesis from 15 NH 4 + was also found in stems, but not in roots. The seedlings were grown in modified MS-medium containing 20 mM NH 4 NO 3 or half-strength MS medium (control).
The rates of incorporation are expressed as 15 N atom% abundance. 15 N atom% excess values are also shown. In contrast to caffeine, 15 N from 15 NH 4 + was incorporated into theanine in all parts of tea seedlings ( Figure 2B) . The 15 N atom% excess value in roots was ~3 times higher than in leaves in 27-dayold seedlings. This suggests that theanine is synthesised from absorbed 15 NH 4 + mainly in roots. The 15 N atom% excess values were increased markedly between 106-day-old and 205-day-old seedlings; the values in 106-day-old seedlings varied between 0.48-0.84 and they increased to 1.74-2.43 in 205-day-old seedlings. This fact suggests that, in contrast to caffeine, theanine biosynthesis continued actively during the whole experimental period. No large difference was found in the 15 N atom% excess values in each organ. As a large amount of theanine was found in roots (Figure 1) , theanine may be synthesised in roots and gradually translocated to the leaves. However, it is difficult to exclude that limited amounts of theanine are also synthesised in leaves, because theanine biosynthetic activity was found in all organs, especially in young tea seedlings [9, 12] . Theoretically this will be proved if we use the pulse-chase experiments with 15 NH 4 + , however, it was impractical because of dilution of the labelled compound.
In the location of theanine biosynthesis, it has been reported that the radioactivity from 14 CO 2 supplied to tea leaves was found in theanine in roots [14] . In adult tea trees, 14 C-labelled theanine from 14 CO 2 stored in roots in autumn were moved to flash shoot in the next spring. These results from carbon metabolism also support the hypothesis that the major site of theanine synthesis is the root system and it is translocated to leaves. Formed theanine stored in winter may be translocated to flash shoots in spring, although we did not investigate this in the present study. The outline of the biosynthesis of caffeine and theanine from inorganic nitrogen (NH 4 + ) in tea plants is illustrated in Figure 3 . In tea plants, NH 4 + taken up by roots is assimilated to glutamic acid by either the glutamine synthetase-glutamate synthase (GS-GOGAT) pathway or the glutamate dehydrogenase (GDH) pathway [2] . The assimilated glutamic acid is converted into other amino acids, including glutamine, glycine, alanine and aspartic acid ( Figure 3A) . In the case of purine biosynthesis, the four nitrogen atoms of the purine ring of caffeine were derived from glutamine, glycine and aspartic acid in the steps 1, 2, 4 and 7 of the de novo caffeine biosynthesis ( Figure 3C ). In contrast, the two nitrogen atoms of theanine are derived from glutamic acid and alanine ( Figure 3B ). Since 15 N atom % excess values may be influenced by the endogenous pool size of amino acids, direct comparison of the incorporation rate of 15 N into both compounds is not feasible. Nevertheless, the present results suggest that the location and biosynthetic patterns of caffeine and theanine are different. In conclusion, the presented results demonstrate for the first time that both the de novo biosynthetic pathways of caffeine and theanine initiated from NH 4 + are operative in tea seedlings. Caffeine biosynthesis occurs only in green parts (leaves and stems) of tea seedlings. Since glutamine, aspartic acid and glutamic acid are found in xylem sap [15] , these amino acids are formed in roots and then translocated to stems and leaves, and utilised for caffeine biosynthesis. In contrast, most of theanine is synthesised in roots and translocated to leaves. Theanine has also been found in xylem sap of tea plants [15] .
Experimental
Plant materials: Seeds of tea (Camellia sinensis, cv. Yabukita) were collected from the tea plantation at the National Research Institute of Vegetables, Ornamental Plants and Tea, Makurazaki, Japan. The seeds were stored in a cold room (4°C) for one month. Dormancy-broken seeds were sterilized with sodium hypochlorite Deng & Ashihara solution and the seed coats were removed. They were then cultured in vermiculite at room temperature for ~2 weeks without additional nutrients. After germination, seedlings were moved to vermiculite in 100 mL-plastic pots. For nutrition, half-strength MS salt medium (10 mL) was supplied 3 times per week. In the present study, experimental culture was started on 23 rd June, 2010. Samples were collected 27-, 106-and 205-days after initiation of the experiments. Cotyledons were dropped naturally by 106 days after germination. 15 4 15 NO 3 was added to the nutrient solution. The solution (10 mL) was supplied 3 times per a week. Plant samples were collected after 27-, 106-and 205-days culture and the incorporation of 15 N into theanine and caffeine in leaves, stems and roots was determined.
Administration of 15 N-labelled compounds:

Determination of nitrogen content and 15 N atom% abundance:
The samples were extracted and analysed according to our previous paper [9] with a slight modification. Briefly, samples were homogenized using a mortar and pestle with 80% aqueous MeOH. The resulting MeOH-soluble fraction, which contained caffeine and theanine, was concentrated and applied to microcrystalline cellulose TLC plates (Merck, Darmstadt, Germany). The solvent system, n-BuOH/HOAc/H 2 O (4:1:2, v/v), was used for separation of theanine and caffeine from other compounds. Spots of theanine and caffeine were scraped off and eluted from the cellulose support with distilled water and heated for 20 min at 80°C. Theanine and caffeine were eluted from cellulose powders. In some experiments, the MeOH-insoluble fraction was collected to estimate the 15 N atom% abundance of protein. The absolute amounts of nitrogen and relative isotopic abundance of 15 N were analysed by elemental analyser combustion isotope ratio mass spectrometry (EAIRMS) using a ANCA-SL device and Hydra 20-20 (Sercon Limited, Crewe, Cheshire, UK), as shown in our previous paper [9] .
